Abstract. The objective of this study was to develop a clear, aqueous rapamycin-loaded mixed nanomicellar formulations (MNFs) for the back-of-the-eye delivery. MNF of rapamycin (0.2%) was prepared with vitamin E tocopherol polyethylene glycol succinate (TPGS) (Vit E TPGS) and octoxynol-40 (Oc-40) as polymeric matrix. MNF was characterized by various parameters such as size, charge, shape, and viscosity. Proton nuclear magnetic resonance ( 1 H NMR) was used to identify unentrapped rapamycin in MNF. Cytotoxicity was evaluated in human retinal pigment epithelial (D407) and rabbit primary corneal epithelial cells (rPCECs). In vivo posterior ocular rapamycin distribution studies were conducted in male New Zealand white rabbits. The optimized MNF has excellent rapamycin entrapment and loading efficiency. The average size of MNF was 10.98±0.089 and 10.84±0.11 nm for blank and rapamycin-loaded MNF, respectively. TEM analysis revealed that nanomicelles are spherical in shape. Absence of free rapamycin in the MNF was confirmed by 1 H NMR studies. Neither placebo nor rapamycin-loaded MNF produced cytotoxicity on D407 and rPCECs indicating formulations are tolerable. In vivo studies demonstrated a very high rapamycin concentration in retina-choroid (362.35±56.17 ng/g tissue). No drug was identified in the vitreous humor indicating the sequestration of rapamycin in lipoidal retinal tissues. In summary, a clear, aqueous MNF comprising of Vit E TPGS and Oc-40 loaded with rapamycin was successfully developed. Back-of-the-eye tissue distribution studies demonstrated a very high rapamycin levels in retina-choroid (place of drug action) with a negligible drug partitioning into vitreous humor.
INTRODUCTION
Posterior segment ocular diseases include non-infectious posterior uveitis (NIU), age-related macular degeneration (AMD), choroidal neovascularization (CNV), retinal neovascularization, posterior vitreoretinopathy (PVR), diabetic retinopathy, and cystoid macular edema. NIU affects patients of different age groups and it may be chronic and recurrent (1) . However, management of NIU is far more challenging than anterior uveitis which leads to irreversible vision loss/impairment. Immediate and vigorous response (immunological and inflammatory) against ocular antigens is still unclear. Lymphocytes can stimulate ocular autoimmune activity in response to Th1 or Th17 (2) . A major aim of NIU management includes suppression of inflammation and diminution of NIU intensity (3) . The first class of FDA-approved drugs for treating NIU are corticosteroids (4) . Both systemic and local ocular corticosteroid administrations are commonly indicated in NIU, particularly in patients who can tolerate steroid side effects. Alternatively, immunomodulation is a second-line choice of NIU treatment. Immunomodulators such as rapamycin (sirolimus), tacrolimus, and cyclosporine-A help to lower steroid-induced side effects such as cataract development, glaucoma, proliferative vitreoretinopathy, cystoid macular edema, vascular occlusion, and blindness (5) .
Other diseases affecting the back-of-the-eye include neovascularization. In this disease condition, new leaky and fragile blood vessels are developed. The new vasculature branches out from the choroid and then grows through Bruch's membrane into sub-retinal pigment epithelia. Further, this new vasculature causes capillaries to leak causing blood and fluid accumulation in the retinal layers. During neovascularization, vascular endothelial growth factor (VEGF) is upregulated (6) . Increased production of VEGF is induced by multiple cellular pathways: (i) hypoxia and (ii) pro-inflammatory cytokines such as TNF-α and β2 (7, 8) .
Anti-angiogenic agents can minimize neovascularization. Photosensitizing drugs such as verteprofin, lutetium, texaphyrin, and tin ethyl etiopurpurin have also been indicated in neovascularization (9) (10) (11) . Use of laser light is expensive, require a medical specialist, and may leave a scar after treatment. Treatment of ocular neovascularization by macromolecular VEGF inhibitors such as pegatanib and ranibizumab has been approved for intravitreal use in CNV patients. Also, bevacizumab is widely used in CNV treatment. An investigational comparative study by Stalh et al. between the VEGF inhibitors and rapamycin suggested that rapamycin is more potent than VEGF inhibitors and alters response of the endothelial cells to the VEGF stimulation (12) . Inhibitory effects of rapamycin are observed to check apoptosis. It also activates metalloproteins, promoting metastatic tumor growth, angiogenesis, and upregulation of interleukin-1 transcription and cAMP levels. Rapamycin is also a functional cytokine antagonists and more potent than cyclosporine (13) .
Rapamycin or sirolimus is produced by Bacterium Streptomyces Hygroscopicus. Rapamycin acts by binding to FK-binding protein 12 (FKBP protein) in the cytosol forming a complex. Further, this complex binds to mammalian target of rapamycin receptor (mTOR) (14) . Rapamycin generates its antiinflammatory activity by inhibiting progression of cell cycle from G1 phase to S phase in T cells by blocking interleukin-2-mediated signal transduction pathway. In general, rapamycin mutes the responses of T and B cells induced by both calciumdependent and calcium-independent stimuli (13, 15) . This agent exhibits multiple mechanisms of action other than antiinflammatory property. It also exhibits anti-angiogenic, antifibrotic, antifungal, and antimigratory mechanisms (12, (16) (17) (18) (19) . Rapamycin decreases VEGF production and alters the response of endothelial cells to VEGF stimulation (12) . Rapamycin is extremely hydrophobic with an octanol/ water partition coefficient (log P) of 5.77 and an aqueous solubility of 2.6 μg/mL (20) . Also, rapamycin is pH and light sensitive (21) . Oral or intravenous administration of rapamycin for back-of-the-eye delivery is not medically acceptable. Rapamycin, an immunosuppressant, may severely compromise immune function if administered through systemic route (22) . To deliver rapamycin locally to the eye, various strategies such as route of administration (periocular, subconjunctival, intravitreal implants/injections), and formulations (nanoparticles, liposomes) based have been implemented (1, 20, 23) . Strategies such as periocular, subconjunctival, and intravitreal implants/ injections of rapamycin are invasive and associated with side effects such as retinal detachment or damage, endophthalimitis, and pseudoendophthalmitis. Polyethylene glycol-b-poly(ecaprolactone) micelles have been previously developed to improve solubility. This micellar formulation resulted in an improvement of solubility up to a concentration of 1 mg/mL (24) .
Among the ocular delivery routes, topical drop instillation is the most patient-acceptable route of drug administration. Static and ocular barriers impede drug permeation from the front to the back-of-the-eye tissues (retina/choroid). Therefore, the objectives of this work is to improve rapamycin aqueous solubility, develop a novel clear, aqueous, mixed nanomicellar formulation (MNF), and deliver therapeutic rapamycin levels in the back-of-the-eye tissues with topical drop instillation. To achieve this objective, we have employed a blend of polymers (vitamin E tocopherol polyethylene glycol succinate-1000 (Vit E TPGS) and octoxynol-40 (Oc-40)). Vit E TPGS is a FDAapproved amphiphilic polymer. In the pharmaceutical industry, it is employed as an emulsifier, solubulizer, absorption enhancer, and vehicle for hydrophobic drugs (25) . Vit E TPGS has a hydrophilic liphophilic balance (HLB) value of 13.0 and critical micellar concentration of 0.02 wt% (26) . This HLB value renders it to be a more lipophilic polymer relative to the second polymer (octoxynol-40). Also, Vit E TPGS is a potent inhibitor of multi-drug efflux pumps (P-glycoprotein, P-gp), facilitates drug translocation across cell membrane, modulates drug pharmacokinetics, and improves bioavailability (27, 28) . Another polymer, Oc-40 employed in this study, is also FDA-approved for human use. It has a HLB value of 18.0 which makes it a hydrophilic polymer. A unique ratio of these polymeric blend (4.5:2.0, for Vit E TPGS and Oc-40) was selected due to their low critical micellar concentration (0.012 wt%) of the combination relative to individual polymers (29, 30) . Further, this formulation has been characterized and evaluated for toxicity on rabbit primary corneal epithelial cells and human retinal pigment epithelial cells. Moreover, we have determined that mixed nanomicellar carrier has the ability to deliver rapamycin to the back-of-the-eye tissues from topical drop instillation.
Materials
Rapamycin was obtained from LC labs, USA. Vitamin E TPGS was purchased from Peboc division of Eastman Company, UK Limited, UK. Igepal (octoxynol-40) was obtained from Rhodio Inc., New Jersey, USA. Kollidon(R) 90F (povidone K 90) Ph. Eur., USP was procured from Mutcher, Inc., Pharmaceutical ingredients, Harrington Park, New Jersey, USA. HPLC grade methanol and acetonitrile were procured from Fisher Scientific, USA. Ethanol was purchased from Aaper alcohol and chemical Co. Shelbyville, Kentucky, USA. For all the formulation preparations, HyClone cell culture water, HyClone, USA, was utilized.
Cell Culture
Rabbit corneal epithelial cells (rPCECs) were cultured according to a previously published protocol from our laboratory (31) . In brief, rPCECs were grown with culture medium comprising MEM, NaHCO 3 , 10% FBS, HEPES, sodium bicarbonate, penicillin, streptomycin sulfate, and 1% (v/v) nonessential amino acids, adjusted to pH 7.4. Cells in passage numbers between 4 and 9 were selected for these experiments. Human retinal pigment epithelial cells (D407) were grown in a culture medium containing DMEM supplemented with 10% (v/v) FBS (heat-inactivated), 29 mM NaHCO 3 , 15 mM HEPES, 100 mg of penicillin and streptomycin each, and 1% nonessential amino acids at pH 7.4. Cells in passage numbers between 75 and 80 were employed. Cells were grown at 37°C, in a humidified atmosphere of 5% CO 2 and 90% relative humidity. The growth medium was changed every other day for both cell lines. rPCEC and D407 cells were cultured in flasks, harvested at 80-90% confluency with TrypLE™ Express (a superior replacement for trypsin) (Invitrogen, Carlsbad, CA, USA). Cells were then plated in 96-well plates at a density of 10,000 cells/well and utilized for studies.
Method of Preparation
Rapamycin-loaded mixed nanomicellar formulations (MNFs) were prepared by a novel solvent evaporation method as described in previously reported procedure (29) . Briefly, MNF (10 mL) was prepared by dissolving vitamin E tocopherol polyethylene glycol succinate (Vit E TPGS) (450 mg) and octoxynol-40 (Oc-40) (200 mg) separately in absolute ethanol. Rapamycin was accurately weighed and dissolved separately in absolute ethanol. Vit E TPGS and Oc-40 solutions were mixed together to obtain a clear homogeneous solution. To this mixture, varying concentrations of rapamycin (dissolved in ethanol) were added to generate an overall concentration of 1 and 2 mg/mL in the final formulation. The mixture was stirred well which resulted in a clear solution. Solvent was evaporated by rotary evaporator and the formulation was vacuum-dried overnight to obtain a dried film. This thin film was then hydrated with HyClone water and resuspended to obtain a clear solution. Addition of water spontaneously generated rapamycin-loaded mixed nanomicelles. Sonication was applied for 20 min and final volume of the formulation was made up with 2X phosphate buffer (pH=6.8±0.1). A viscosity enhancer povidone K 90 was added to all the formulations. This formulation was filtered through 0.2-μm nylon membrane to remove any foreign particulate matter. A blank formulation was also prepared following a similar procedure described above without rapamycin.
Characterization of Mixed Nanomicellar Formulation
Optical Clarity. The optical clarity of prepared formulations was measured with UV-visible spectrophotometer (model: Biomate-3, Thermo Spectronic, Waltham, MA). A sample volume of 500 μL was taken for each analysis. HyClone cell culture water served as blank.
Viscosity. Viscosity of placebo and rapamycin-loaded MNF was adjusted with povidone K 90 employing OstwaldCannon-Fenske viscometer. The viscometer was filled from one end with ∼5 mL MNF with extreme care to avoid air bubble formation. The solution was aspirated from the other end. Time taken by the MNF to flow down under gravity was measured. Density for MNF was also determined. Viscosity of the MNF was determined by comparing with water. Equation 1 was applied to determine the viscosity of MNF. 
Osmolality and pH. All prepared formulations were examined for osmolality and pH. For measurement of osmolality, an advanced osmometer (Model 3D3, Two Technology way, Norwood, Massachussets, USA) was utilized. A sample volume of 400 μL was used to measure osmolality. The pH of all formulations was measured with a Oakton pH meter (model: pH 510 series, Oakton Instruments, Vernon Hills, IL).
Size, Polydispersity Index, and Surface Potential
The mean hydrodynamic nanomicellar size, distribution, PDI, and surface potential of MNFs were measured by dynamic light scattering (DLS) (Brookhaven Instruments Corporation, Austin, TX, NY). DLS is a non-destructive technique to measure the molecule/particle size in submicrons level, at a laser wavelength of 659.0 nm and temperature of 25°C. A sample volume of 500 μL was used for size, distribution, and PDI. A volume of 1000 μL was utilized for surface potential measurement. The average values of three micellar diameter measurements of 12 runs were calculated for all samples.
Transmission Electron Microscopy
To determine shapes, surface morphology, and real-time size of rapamycin-loaded MNF, scanning transmission electron microscope CM12 (STEM) was utilized. To visualize mixed nanomicelles with STEM, negative staining was applied with uranyl acetate.
RP-HPLC Method
To determine concentration of entrapped drug within the core of MNF, reversed-phase (RP)-HPLC analysis was performed utilizing C8 column (Phenomenex C8, 5 μm; 150 mm× 2.1 mm), an autosampler (Alcott, model 718 AL), a column heater (Flatron CH-30 column heater, Flatron Systems Inc., USA) set at 40°C, a pump (model SD 20, shimadzu) set to deliver 1.0 mL/min, a UV detector (Shimadzu, SPD 20A) set at 278 nm, and an integrator to collect data. The mobile phase comprised of acetonitrile-methanol-water (30:35:35 v/v/v). Since the mobile phase contained higher organic phase, it was prepared freshly before analysis. A 50-μL sample was injected into the HPLC system.
Entrapment and Loading Efficiency
In the present study, the total amount of rapamycin entrapped in MNFs was determined by RP-HPLC. One milliliter of each MNF sample was collected into 1.5-mL micro centrifuge tubes and centrifuged at 10,000 rpm for 10 min at 4°C. Approximately 0.5 mL of supernatant was carefully collected into a fresh tube and lyophilized to obtain a solid pellet. This pellet was resuspended in 0.5 mL of dichloromethane (an organic solvent) that resulted in a clear solution. Due to addition of dichloromethane, rapamycin was released in the surrounding organic environment due to orientation reversal of hydrophobic and hydrophilic segments to form reversed micelles (32) . The solution was evaporated under a speed vac (Genevac Technologies VC3000D speed vacuum, USA) to obtain a solid pellet. The solid pellet was diluted with HPLC mobile phase, and the amount of drug present in the diluted sample was determined. The amounts of rapamycin in the core of micelles were calculated by subtracting the total amount of unentrapped drug. The percent entrapment and loading efficiency of rapamycin were calculated according to Eqs. 2 and 3, respectively.
Percent drug entrapped
¼ mass of rapamycin in nanomicelles*100 mass of rapamycin added in formulation ð2Þ
Loading efficiency ¼ mass of rapamycin in nanomicelles*100 mass of rapamycin added þ mass of polymers added ð3Þ
To determine the presence of free rapamycin in solution, qualitative analysis was conducted with proton nuclear magnetic resonance ( 1 H NMR). Studies were performed for rapamycin, blank MNF, and rapamycin-loaded Vit E TPGS/ Oc-40 MNFs.
1 H NMR spectra were recorded on a Varian 400 MHz spectrometer (Varian, USA) in deuterated water (D 2 O) or deuterated chloroform (CDCl 3 ) at room temperature.
Dilution Stability
To study the effect of dilution on the MNFs, samples were diluted from 0 to 100 times with distilled water. The concentration of the monomers was well above the CMC (0.012 wt%). After dilution, micelle size was determined with DLS instrument.
Cytotoxicity Studies
To evaluate toxicity of MNFs, lactate dehydrogenase (LDH) release was conducted on rabbit primary corneal epithelial cells (rPCECs). Also, toxicity was evaluated on rPCEC and D407 with WST-1 cell proliferation assay. Rapamycin MNF has been prepared and evaluated for topical ocular delivery. Following topical drop administration, MNF primarily bathes the corneal epithelial cells. Therefore, we proposed to test the effect of MNF on both rPCEC and D407 cells.
Cell Proliferation Assay. Cell viability assay was performed to determine the toxicity of rapamycin MNF on rPCEC and D407 cells. Briefly, for these experiments 10,000 cells/well were placed into 96-well plates and exposed to 100 μL of placebo (blank) and 0.2% rapamycin-loaded MNFs for 1 h. MNFs (blank and rapamycin-loaded) were prepared in serum-free cell culture media and filtered through 0.22-μm sterile nylon membrane filters under laminar flow. In these experiments, cell culture medium and 10% triton X-100 served as negative and positive controls, respectively. Viable cells percentage was calculated considering the medium as 100%. Premixed WST-1 cell proliferation reagent was added according to the manufacturer's protocol (Clontech, Mountain View, CA). Cell proliferation assay is based on the enzymatic cleavage of tetrazolium salt (WST-1) to a water-soluble formazan dye, which is detected by absorbance at 450 nm with a micro titer plate reader (Analyst GT, Molecular Devices, Sunnyvale, CA). The amount of formazan formed is directly proportional to the number of viable cells. The percent cytotoxicity of the placebo and 0.2% rapamycin-loaded MNF were calculated.
LDH Assay. In vitro plasma membrane decay with blank and rapamycin-loaded MNFs was conducted on rPCECs and quantitatively measured with Takara Aqueous NonRadioactive LDH cytotoxicity detection Kit (Takara Bio Inc, CA, USA). rPCECs were grown on 96-well plates as described previously (29) . After 48 h of growth, rPCECs were added with 100 μL of serum-free cell culture medium; 100 μL of blank and rapamycin-loaded MNFs in serum-free culture media were added in each well and incubated for 2 h at 37°C. In this assay, cell culture media and 10% Triton-X100 served as negative and positive controls, respectively. After incubation, the plate was centrifuged at 250×g for 10 min in a dark condition. One hundred microliters of supernatant was transferred to an optically clear 96-well flat bottom plate and added with a solution containing equal volumes of catalyst and dye solution (prepared following manufacturer's protocol). This mixture was incubated for 15 min at room temperature in dark. The amount of formazan formed was measured with a 96-well micro titer plate reader absorbance set at 490 nm. A rise in reading number indicates increased LDH release in the culture medium which directly correlates with the amount of formazan produced. Therefore, the amount of formazan produced is proportional to the number of plasma membranedamaged cells. Cytotoxicity was calculated according to Eq. 4.
% Cytotoxicity ¼
Observed experimental value−cell culture medium value ð Þ Ã 100 Triton X−100−cell culture medium value ð4Þ
LC-MS/MS Method
A sensitive LC-MS/MS method was applied to determine the concentration of rapamycin in the back-of-the-eye tissue homogenates and fluids. LC-MS/MS is comprised of triple quadrupole mass spectrometer with electronspray ionization (ESI) on a turbo ionspray source (API 3200; Applied Biosystems, Foster City, CA, USA) which is coupled to a liquid chromatography system (Prominence HPLC shimadzu, Riverwood Drive, Columbia, Maryland, USA). A reversedphase C8 column 5 μm, 50×4.6 mm (Waters, Corporation, USA), was selected for the separation and analysis of rapamycin with erythromycin as internal standard. The column temperature was maintained at 40°C. The mobile phase consisted of acetonitrile-water (80:20v/v) with 0.1% formic acid and was pumped at a flow rate of 0.25 mL/min. Multiple reaction monitoring (MRM) mode was utilized to detect the compound of interest. A separate calibration curve (range of 3.5-1000 ng/mL) was constructed for the back-of-the-eye tissue (retina/choroid, sclera) and vitreous humor.
In Vivo Studies
Animals. New Zealand white male rabbits weighing between 2.0 and 2.5 kg were employed for in vivo studies. Animals were obtained from Myrtle's rabbitry (Thompson, TN) and acclaimed for 24 h in the animal care facility. Animal care and treatment in this investigation was in compliance with the Association for Research in Vision and Ophthalmology (ARVO) statement for the use of animals in ophthalmic and vision research.
Posterior Ocular Tissue Dissection
Animals were anesthetized prior to an experiment with ketamine HCl (35 mg/kg) and xylazine (3.5 mg/kg) administered intramuscularly. For the treatment, N=10, eyes were utilized. Anesthesia was maintained throughout the experiment. Fifty microliters of 0.2% rapamycin MNF was instilled into each conjunctival sac. After a period of 60 min, euthanasia was performed under deep anesthesia with an intravenous injection of sodium pentobarbital through the marginal ear vein. Following euthanasia, the globe was immediately enucleated within a period of 2 min and was transferred to the ice cold Dulbecco's phosphate buffer saline (DBPS, pH=7.4). Enucleated eyes were rinsed twice in the ice cold DPBS to remove any traces of drug adsorbed onto the surface of the tissue. Aqueous humor was withdrawn using a 27-guage needle by limbal paracentesis. A small incision was made at the back of the globe and the vitreous humor was aspirated with the tuberculin syringe. Care was taken to avoid contamination by other tissues such as the lens. The lens was carefully separated and collected. The iris-ciliary body was removed and cornea was excised by incision along the sclera-limbus junction. Retina-choroid layer was removed and separated from the sclera. All the collected tissues were dried with Kimwipes®. Dissected posterior ocular tissues (sclera and retina-choroid) were transferred to preweighed eppendorf tubes and stored at −80°C until further extraction and analysis. Vitreous humor was transferred to a 15-mL falcon tube and stored at −80°C until further analysis.
Excised posterior ocular tissue (retina-choroid) was thawed. Five hundred microliters of chilled DPBS was added to retina-choroid. Similarly, sclera was thawed and 2.0 mL of chilled DPBS was added. The tissues were homogenized with a tissue homogenizer (Tissue Tearor, Model 985-370; Dremel Multipro, Racine, WI) in an ice bath for a period of 4 min. Vitreous humor was extracted and analyzed for rapamycin.
Drug Extraction. For rapamycin extraction, a volume of 200 μL of tissue homogenate was used. For vitreous humor, a volume of 100 μL was aspirated. Rapamycin was extracted from the back-of-the-eye tissues following a previously described protocol from our laboratory (33) . Briefly, to extract rapamycin, protein precipitation method was used. To all the tissue homogenates, except blank, 25 μL of IS at a concentration of 5.0 μg/mL was added and vortexed for 1 min. Twentyfive microliters of 50% triethylamine in methanol (v/v) was added to all the samples and then vortexed vigorously for 2 min. Proteins were precipitated by addition of 800 μL of methanol. All the tissue homogenate samples were vortexed for another 2 min. Samples were centrifuged at 10,000 rpm for 30 min at 4°C. A volume of 500 μL supernatant was separated and evaporated using SpeedVac® (Savant Instruments, Inc, Holbrook, NY). One hundred microliters of HPLC mobile phase was added to the dry residue and reconstituted by vortexing for 2 mins. Further, this solution was centrifuged for 1 min at 1000 rpm and the supernatant was injected into HPLC for rapamycin quantification.
Statistical Analysis
Data for in vitro experiments were conducted at least in quadruplicate, and the results were expressed as mean±stan-dard deviation (SD). Statistical comparison of mean values was performed with Student's t test. A p value of <0.05 was considered to be statistically significant.
RESULTS AND DISCUSSION
Rapamycin is a small molecule with poor aqueous solubility (2.6 μg/mL) (20) . In the present study, we selected a blend of two FDA-approved polymers (Vit E TPGS and Oc-40) to entrap rapamycin into nanomicelles to improve its solubility. A weight percent ratio of 4.5:2.0 for Vit E TPGS and Oc-40 was selected due to their low critical micellar concentration (CMC) value of 0.012 wt% relative to individual polymers (Vit E TPGS (0.025%) and Oc-40 (0.107 wt%)) (29) . Low CMC of this polymeric mixture allows to improve stability of MNF. In the present study, we successfully prepared 0.1 and 0.2% rapamycin-loaded MNFs with a blend of Vit E TPGS/Oc-40 (4.5:2.0) in phosphate buffer. Although, rapamycin solubility was improved with aqueous MNF, but topical drop instillation of aqueous drops may not retain the formulation in the pre-corneal pocket for longer period of time. A large portion (>90%) of the topically applied formulations is lost due to tear drainage, induced lacrimation, and tear dilution. Reflex blinking and loss of excess drop instillation may lead to spill over. Therefore, to improve MNF retention in the pre-corneal pocket viscosity enhancer with bioadhesive properties is advisable. In the current study, we selected povidone K 90 as a viscosity and bio-adhesive property enhancing agent.
Viscosity
Povidone K 90 is a FDA-approved inactive ingredient (up to 1.2 wt%) for ophthalmic solutions (34) (accessed on December 21 of 2013). MNFs were added with povidone K 90 to optimize a viscosity of ∼2.0 centipoise (cP). As these formulations are intended for topical drop administration in the eye, viscosity and bio-adhesive properties of the formulation are critical. Addition of povidone K 90 to MNF resulted in an increased viscosity (see Fig. 1 ). To deliver rapamycin MNF as topical drop and to hold MNF in the pre-corneal pocket for longer time, an optimal formulation viscosity is preferred. A high viscosity was reported to have an impact on rate of tear drainage (35) . Therefore, viscosity for all the MNFs was adjusted to ∼2.0 cP. An optimal povidone K 90 weight percentage was 0.6 wt% which demonstrated an easy-flow property to deliver MNF as drops. Also, due to improved formulation viscosity and bio-adhesive properties of povidone K 90, Fig. 1 . Effect of increasing PVP-K90 (wt%) on formulation viscosity MNF may be retained in the pre-corneal pocket for a longer time, reduce tear wash-off, and improve drug delivery.
Osmolality and pH
Topical ophthalmic MNF drops require optimal osmolality and pH to avoid adverse effects on the eye. In general, xylitol, glucose, boric acid, or sodium chloride (NaCl) are added as tonicifiers. Tears have a tonicity equivalent to 0.9% NaCl solution (36) that produces an osmolality of ∼300 mOsm/kg. Therefore, ocular formulation osmolality requires to be adjusted in the physiological range. Tear pH ranges between 6.5 and 7.6 (37). Variation in formulation tonicity and pH may cause ocular irritation. Therefore, NaCl was added to MNF and the tonicity was adjusted to 300 mOsm/kg. Similarly, pH of the MNF was adjusted to ∼6.8 with 0.1 N sodium hydroxide or hydrochloric acid solution.
Characterization of Mixed Nanomicellar Formulation

Optical Clarity/Appearance
Optical clarity/appearance refers to 90% or greater transmission of light at 400-nm wavelength through a 1.0-cm path length. In general, light scattering occurs when a particle interferes with the visible light wavelength. Due to extreme small nano size of the placebo/blank and rapamycin-loaded MNF, light did not produce any scattering, which denotes a clear/transparent aqueous solution. Rapamycin MNFs are clear with an absorption below 0.05 at 400 nm (Table I) . Therefore, this nanomicellar solution is suitable for ophthalmic delivery. Low absorbance of the formulation indicates that MNFs are devoid of any particulate matter. MNF optical clarity was compared to HyClone water which indicated that the placebo and rapamycin-loaded formulations are very similar to water with no particulate matter present.
Entrapment and Loading efficiency
Rapamycin entrapment and loading into MNFs was determined with RP-HPLC method as described previously. All the MNFs showed excellent drug entrapment and loading efficiencies, which are summarized in Table I . All the formulations demonstrated excellent entrapment efficiency. Drug loading enhanced with higher concentrations of rapamycin into MNF.
Size, PDI, and Surface Potential
Mixed nanomicellar size and polydispersity indices were determined for the prepared formulations. Results show a size range between 5 and 20 nm (Table I) for both placebo and rapamycin-loaded MNF (Fig. 2a, b) . Polydispersity indices were observed to be less than 0.10. Blank MNF (Vit E TPGS/Oc-40; 4.5:2.0) exhibited an average mixed nanomicellar size of 10.98±0.089 nm. Increasing rapamycin loading did not show any significant difference in size (Table  I ). Figure 2 represents size distribution for blank and 0.2% rapamycin-loaded MNF. We hypothesize that the size of MNF is sufficiently suitable to traverse across ocular tissues such as scleral channels/pore that have a size range between 20 and 80 nm (38) . Also, these micelles display a narrow and unimodal particle size distribution. Since these MNFs are in the same size range as membrane receptors, proteins, and other biomolecules, these carriers may bind and traverse across cellular barriers. Surface charge of MNFs appeared slightly negative (Table I) .
Mixed Nanomicelle Surface Morphology
Surface morphology of rapamycin-loaded MNFs was studied with TEM with uranyl acetate as staining agent. This negative staining relies on residual stain remaining on the surface of the mixed nanomicelles such that micelles are clearly defined and visible under TEM. Results revealed that MNFs are spherical in shape with smooth surface architecture and without any signs of aggregation (Fig. 3a) . Micelles are clearly defined and distinguished as bright, discrete spherical globules on the TEM grid. The particle size visualized by TEM was in agreement with the size obtained by DLS. The formulation appeared similar to water but shows drug-loaded mixed nanomicelles (Fig. 3b) . H NMR spectroscopy studies were conducted for rapamycin alone (Fig. 4a) , polymer blends in CDCl 3 (Fig. 4b) , and rapamycin entrapped MNF in CDCl 3 and D 2 O. Rapamycin entrapped in the MNF is ∼800 times higher in concentration than its aqueous solubility (2.6 μg/mL). Generally, addition of such higher concentration of rapamycin in water causes drug precipitation at the bottom of vial due to insolubility. In our preparation, we did not observe any precipitate formation at the bottom of the vial. However, a small amount of unentrapped rapamycin may be present in the outer aqueous environment (D 2 O), which may not be identified visually. Results indicated that in CDCl 3 , the resonance peaks corresponding to rapamycin and MNFs were present (Fig.  4c) . But, in D 2 O peaks corresponding to only polymer blends are detected. No peaks corresponding to rapamycin were evident (Fig. 4d) . These results clearly indicate that rapamycin was entrapped inside the hydrophobic nanoenvironment/core of mixed nanomicelles. Also, study suggests that no free rapamycin was present in the aqueous MNF. These results are similar to earlier results for paclitaxelloaded mixed polymeric micelles in D 2 O (39,40).
Dilution Stability Studies
Upon topical drop instillation, rapamycin-loaded mixed nanomicelles may be rapidly diluted causing increase in size and release of drug. To study the effect of dilution on the MNF, samples were diluted from 0 to 100 times. The concentration of monomers at these dilutions are well above the CMC. In general, tears are produced at an average flow rate of 1.2 μL/min. Any excessive tear production upon MNF instillation should not have an impact on MNF size. Therefore, we examined the dilution effect on nanomicellar size up to 100-fold dilution (way above tear dilution that is expected in vivo). The results of this dilution study are shown in Fig. 5 . Mean micelle increased with dilution without any significant impact. The reason may be attributed to decrease in concentration of monomers in the MNF with dilution. Our results are similar to the earlier studies. Xu et al. hypothesized that the outer hydrophilic polyethylene oxide segment would form large and loose complex clusters in aqueous solution (41) . These new larger aggregates developed during dilution exhibit thermodynamically reversible association. Hydrophobic effect and hydrogen bonding may force the outer hydrophilic segment to cluster in aqueous solution. Clustering of outer hydrophilic segments may be the reason for increase in micelle size with dilution. The same reason is applicable to our studies. Upon dilution, polymer concentration is lowered which leads to a slight increase in micellar size (41) . The prepared mixed nanomicelles in this study sustained the dilution effect on their size and demonstrated negligible effect upon dilution indicating high stability upon dilution.
Cytotoxicity Studies
After topical ophthalmic drop instillation into pre-corneal pocket, formulations/solutions are rapidly cleared (within 5 to 10 min) (6, 42) . Therefore, to determine the cytotoxic effect of MNF upon long-time exposure to ocular tissues, LDH and cell proliferation assay were performed for 1 and 2 h of exposure. It was assumed that a 1-h incubation period would be sufficient to evaluate any toxicity. Percent rPCEC viable cells for 0.2% rapamycin MNFs were comparable to that of negative control (culture medium) (Fig. 6) . Triton-X 100 served as positive control which reduced the percent cell viability to ∼30 and ∼6% for rPCEC and D407 cells. In another set of studies, cell plasma membrane damage tests (LDH assay) were studied with rPCECs. The amount of LDH released in the culture media directly correlates with membrane damage and cytotoxicity. Triton-X 100 caused significant toxicity/ membrane damage. Percentage cytotoxicity to rPCECs post exposure to MNFs (blank and 0.2% rapamycin) for 2 h appeared to be similar to negative control (Fig. 7) indicating MNFs do not cause cell membrane damage. Results from these assays clearly suggest that MNFs are not cytotoxic. Therefore, these formulations appeared to be safe for topical ocular application.
In Vivo Posterior Ocular Tissue Rapamycin Distribution Studies
Delivery of drug to the back-of-the-eye is a major challenge. Diseases affecting the posterior segment ocular tissues, retina-choroid, require long-term drug delivery. To determine whether the developed MNF can deliver the (Fig.  8 ). Specificity and selectivity of the method were tested by analyzing posterior ocular blank tissues and fluid. To assess blank interference with the peak of interest (rapamycin), we processed six replicates at the lower limit of quantification (LLOQ). Peak areas of blanks co-eluting with the analyte was less than 20% of the mean peak area at LLOQ. Intraday and inter-day precision and accuracy experiments were performed by analyzing extracted calibration curve and QC standards. Accuracy of the method was between 85 and 115% of the nominal value in all the standards, except at the lower limit of quantitation (LLOQ) level, which was 80-120%. Precision was calculated using the coefficient of variation multiplied by 100. Precision of the method was less than 15% of the nominal concentration except at the LLOQ, which was below 20%. The inter-day precision validation was conducted at 3.5, 10, 480, and 800 ng/mL. The LLOQ with inter-day coefficients of variation ranged between 2.3 and 16.7% for sclera, vitreous humor, and retina-choroid. The calibration curve was prepared from 3.5, 10.48, 29.5, 187.2, 312.0, 480, and 800 ng/mL rapamycin doped in respective tissue sample extracts. The lower limit of quantitation (LLOQ) was determined to be 10.48 ng/mL for sclera and vitreous humor. LLOQ for retina-choroid was 3.5 ng/mL with a regression coefficient of 0.9984.
Topical drop instillation of 0.2% rapamycin MNF demonstrated detectable and quantifiable rapamycin levels in the back-of-the-eye tissues (sclera and retina-choroid). Rapamycin concentrations quantified in anterior chamber eye tissues (cornea, iris-ciliary body, lens, and aqueous humor) were reported previously (33) . We now report rapamycin concentrations in the back-of-the-eye tissues (sclera, retinachoriod) and fluid (vitreous humor) (Table II) . In vivo ocular tissue distribution studies with single topical drop instillation into rabbit pre-corneal pocket demonstrated detectable levels of rapamycin in the back-of-the-eye tissues. No rapamycin was detected in the vitreous humor. Results indicate that retinachoroid retained the drug at a concentration of 362.35±56.7 ng/g tissue (Table II) .
Topically administered drugs may follow corneal and/or conjunctival-scleral pathway to reach the back-of-the-eye tissues (43) . Current mode of drug delivery to posterior segment of the eye is primarily by invasive routes like subconjunctival, intravitreal injections, or implants. These methods are also associated with serious complications. Again, this method of drug delivery requires medical specialist to administer the drug, which makes treatment expensive. Also, these drugs are required to be administered for multiple times. Such invasive mode of delivery may provide treatment to back-of-theeye diseases but may cause serious ocular complications leading to vision loss. Therefore, to overcome such complications, patient compliant formulations like topical drops need to be developed. One of the major drawbacks with topically applied drug formulations is sub-therapeutic levels of drug reaching the back-of-the-eye tissues. To address these problems and replace the current existing route of drug administration to retina-choroid, we have developed patient-compliant clear, aqueous MNF topical drops that could deliver the drug noninvasively to the back-of-the-eye tissues. Most of the potent drug molecules suffer from two major barriers (i) sub-optimal physicochemical properties such as low aqueous solubility and (ii) ocular static and dynamic barriers. Ocular static barriers include sclera, retinal pigment epithelium (RPE), and multi drug-resistance efflux pumps. And, the dynamic barriers Triton-X 100 (10%) is positive control and culture medium is negative control. A p value of <0.05 was considered significant include conjunctival and choroidal blood and lymph vessels that wash drug out of ocular tissues into the systemic circulation. Moreover, due to high lipophilicity, rapamycin may not be able to translocate across the cornea (20) , which is in agreement with our previously reported results (33) .
Non-corneal route may be explored as a predominant route for back-of-the-eye delivery in comparison to corneal route. Aqueous solubility of the molecule is an important determinant for its transport across sclera but also for its ability to evade the conjunctival blood and lymph vesselmediated washout (44) . Scleral aqueous pore diameter varies between 20 and 80 nm (38) , which facilitates the diffusion of small hydrophilic molecules. However, rapamycin being highly hydrophobic undergoes partitioning to a larger extent into lipophilic retinal tissue. In current formulation, rapamycin was sequestered into aqueous MNF with improved solubility (∼800 times) relative to its aqueous solubility of 2.6 μg/mL (20) . At the same time, hydrophilic corona of the nanomicelles can be highly effective in utilizing scleral aqueous channels/ pores. This alternative route may help permeation of mixed nanomicelles to reach the back-of-the-eye tissues (retinachoroid). Moreover, highly polar hydrophilic nanomicellar corona may minimize washout into the systemic circulation from the conjunctival and choroidal blood and lymph vessels thus overcoming dynamic barriers. The rapamycin MNF present in sclera may act as a depot and slowly release the drug to (45) . Mixed nanomicelles in the posterior ocular tissues release rapamycin to highly lipophilic retinal tissues. However, rapamycin molecules do not appreciably partition into hydrophilic vitreous humor as evidenced by non-detectable rapamycin in vitreous humor. Hence, rapamycin accumulates in the lipoidal retinal layers. This drug is a substrate for efflux pumps like P-gp (46, 47) . Vit E TPGS is found to modulate P-gp efflux transport via P-gp ATPase inhibition (48) . Upon disruption of micelles and release of rapamycin into the back-of-the-eye lipid tissues, Vit E TPGS monomers may help to inhibit P-gp. Thereby, higher rapamycin accumulation into retina/choroid (Fig. 9 ) may be achieved. Results from this study suggest that mixed nanomicelles are novel carriers that can overcome both the static and dynamic ocular barriers and deliver therapeutic levels of rapamycin to the back-ofthe-eye tissue (retina-choroid). It is noted that much higher than presumably therapeutic levels of rapamycin (7-12 ng/mL) (20) was delivered to retina-choroid with a single topical drop instillation, indicating MNF to be safe and novel carriers for rapamycin. 
Topical administration
Vit E TPGS Octoxynol-40 Efflux transporter -P-gp Rapamycin
Vitreous humor
Hydrophobic drug accumulation in lipoidal retinal tissues and further partitioning into hydrophilic vitreous humor is prevented Fig. 9 . Hypothetical representation of rapamycin-loaded mixed nanomicelles reaching the back-of-the-eye (retinachoroid) following conjunctival scleral pathway after topical drop administration. Vitamin E tocopherol polyethylene glycol succinate-1000 (Vit E TPGS), P-glycoprotein (P-gp)
CONCLUSIONS
A stable, clear aqueous 0.2% rapamycin-loaded MNF has been prepared and characterized. Rapamycin loading shows excellent entrapment efficiency. Mixed nanomicellar size was found to be ∼10 nm with narrow polydispersity index. Surface potential studies demonstrated the formulations to carry slight negative charge. MNF were tested in vitro for their cytotoxicity on rPCECs and D407 cells following cell proliferation and LDH assays. Both cell assays demonstrated negligible cytotoxic effect with MNF relative to triton-X 100. Both studies demonstrated that placebo and 0.2% rapamycin-loaded MNF are very safe and tolerable to the eye. In vivo ocular tissue distribution studies with single topical drop instillation demonstrated rapamycin to reach retina/choroid. High levels of rapamycin were obtained in retina-choroid measured with sensitive LC-MS/MS. No rapamycin was present in vitreous body. These results indicate that MNF is able to deliver rapamycin to the retina/choroid tissues following topical drop administration to the eye and rapamycin is sequestered into the lipid environment of RPE and Bruch's membrane and does not partition back to the aqueous environment of vitreous humor. Further studies such as in vivo pharmacokinetics, ocular safety, and tolerability studies are warranted to determine in vivo safety of this novel rapamycin-loaded mixed nanomicellar formulations.
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